While the smallpox vaccine, Dryvax or Dryvax-derived ACAM2000, holds potential for public immunization against the spread of smallpox by bioterror, there is serious concern about Dryvax-mediated side effects. Here, we report that a single-dose vaccination regimen comprised of Dryvax and an antiviral agent, cidofovir, could reduce vaccinia viral loads after vaccination and significantly control Dryvax vaccination side effects. However, coadministration of cidofovir and Dryvax also reduced vaccine-elicited immune responses of antibody and T effector cells despite the fact that the reduced priming could be boosted as a recall response after monkeypox virus challenge. Evaluations of four different aspects of vaccine efficacy showed that coadministration of cidofovir and Dryvax compromised the Dryvax-induced immunity against monkeypox, although the covaccinated monkeys exhibited measurable protection against monkeypox compared to that of naïve controls. Thus, the single-dose coadministration of cidofovir and Dryvax effectively controlled vaccination side effects but significantly compromised vaccine-elicited immune responses and vaccine-induced immunity to monkeypox.
The development of safe and effective vaccines to defend against the spread of smallpox by bioterror remains one of the most important biodefense countermeasures (6, 9, 14, 15, 19, 21, 23, 36) . Dryvax or Dryvax-derived ACAM2000, the vaccine from vaccinia virus formulations that is associated with the global eradication of smallpox, may hold potential for public immunization against the spread of smallpox through bioterror (9, 11, 24, 25) , but there is concern about Dryvax vaccinationinduced side effects. A severe skin rash at the Dryvax vaccination site occurs quite often; the painful skin lesions inevitably resolve with visible scars. Even touching the skin rash or vaccination site can result in the spread of the vaccinia virus to persons in contact with it (contact transmission). Some Dryvaxvaccinated persons can even develop serious side effects, such as lymphadenopathy, vaccinia dissemination, eye infection, postvaccinial encephalitis, permanent disability, life-threatening illness, or death (19, 20, 34, 35) . Furthermore, recent data from clinical monitoring suggest that vaccination with replicating vaccinia virus can induce adverse cardiovascular events (30, 33) . Due to its complications, Dryvax is contraindicated for the vaccination of immune-compromised persons and for use in many other clinical settings (2, 3, 10, 27) . It is therefore important to develop a useful vaccination regimen that can reduce the side effects of Dryvax but maintain the vaccine efficacy.
Cidofovir is a potent antiviral drug that is currently being investigated for treating deadly smallpox (variola) and monkeypox, although it is licensed for human immunodeficiency virus-associated cytomegalovirus retinitis (1, 5, 26, 31) . Given the possibility that cidofovir or other antiviral drugs can limit initial active vaccinia virus replication, cidofovir and Dryvax (cidofovirϩDryvax) coadministration may reduce Dryvax-mediated vaccination complications. However, it is important to determine whether cidofovirϩDryvax coadministration, while potentially reducing Dryvax-mediated vaccination toxicity, can preserve a certain degree of the Dryvax-elicited immune responses and Dryvax-induced immunity against smallpox. These important scientific and clinical questions regarding cidofovirϩ Dryvax coadministration should be readily addressed by using a nonhuman primate model in which Dryvax-elicited immunity against monkeypox could be evaluated. Monkeypox may be the best substitute for smallpox, as monkeypox virus (Orthopoxvirus) shares some biologic features with smallpox virus, and monkeypox infection is clinically similar to smallpox in humans (9, 16, 32) . We therefore employed a cynomolgus monkey model to examine whether cidofovirϩDryvax coadministration can reduce Dryvax vaccination side effects and preserve some levels of Dryvax-elicited immune responses and Dryvax-induced immunity against monkeypox.
MATERIALS AND METHODS

Monkeys and immunization.
Eighteen female cynomolgus monkeys (Macaca fascicularis, approximately 3 to 6 years old, with body weights of 2.0 to 4.0 kg) were provided by a National Institute of Allergy and Infectious Diseases-sponsored facility colony and divided by randomization into three groups of equal sizes (group 1, mock; group 2, Dryvax alone; group 3, cidofovirϩDryvax). Experiments were done according to American Association for the Accreditation of Laboratory Animal Care standards and U.S. NIH Animal Care and Use Committee guidelines. Animal and biosafety protocols for animal use and experiments were approved by the University of Illinois at Chicago Institutional Animal Care and Use Committee and Institutional Biosafety Committee.
For vaccinations, monkey groups 2 and 3 were vaccinated with approximately 2 ϫ 10 5 PFU/animal of Dryvax vaccine (lot no. 4020075; L. Wyatt) using 15 jabs of a bifurcated needle by the standard dermal scarification technique on the shaved back between the shoulder blades on day 0. Group 3 animals were intravenously injected with 20 mg of cidofovir/kg of body weight (lot no. 692343; Gilead Sciences), and as controls, monkeys in groups 1 and 2 were treated similarly with an equal volume of saline at the time of vaccination. After vaccination, all monkeys were assessed daily for skin rashes, rectal temperature, and body weight and were given routine physicals. The skin rashes on the vaccination sites were measured and documented with digital photographs at least three times per week until the scabs fell off. Blood samples were collected from individual animals at day 2 before vaccination, day 0, and days 7, 14, 28, 35, and 55 after vaccination. Plasma and peripheral blood mononuclear cells (PBMC) were isolated from whole blood by Ficoll-Paque density gradient centrifugation as previously described (4, 28) and then used for measuring vaccine-elicited antibody and T-cell responses, respectively.
Monkeypox virus challenge of monkeys. Monkeypox virus strain Zaire 79 (catalog no. NR-2324, lot no. 4729797) was obtained from the Biodefense and Emerging Infections Research Resources Repository (BEI Resources) and stocked at Ϫ80°C. Vero (ATCC CRL-1587) and LLC-MK 2 (ViroMed Laboratories) cells were maintained in Eagle minimal essential medium (MEM) containing 5% heat-inactivated fetal bovine serum (FBS), 10 mM HEPES, and 2 mM glutamine in a humidified air-5% CO 2 atmosphere at 37°C and used to determine monkeypox virus titration by a standard plaque assay. On day 55 after immunization, each monkey was intravenously infected with 5.0 ϫ 10 7 PFU of monkeypox virus at a Biologic Resources Laboratory Annex biosafety level 3 monkey facility. The infected monkeys were assessed daily, with documentation of the development of skin lesions on the different body parts and monitoring of other clinical signs of monkeypox. Every 2 to 3 days after the monkeypox virus challenge, blood samples were collected to isolate plasma and PBMC. Monkeys that developed fatal monkeypox syndromes leading to moribundity were sacrificed for a complete necropsy. At necropsy, different organs and tissues were thoroughly examined for gross pathological changes, and organs/tissues were collected for virus isolation and histopathological analysis. On day 28 after challenge, all surviving monkeys were sacrificed for necropsy of gross and histological pathology as well as tissue collection to isolate viruses as described below.
Measurement of vaccine-elicited antibodies. Anti-B5R and anti-L1R antibodies were measured by enzyme-linked immunosorbent assay to investigate Dryvax vaccine-elicited antibody responses against poxvirus extracellular enveloped virion (B5R) and intracellular mature virion (L1R), respectively. Recombinant vaccinia virus B5R protein (catalog no. NR-546) and L1R protein (catalog no. NR-2625) were obtained from BEI Resources and used to coat 96-well plates (Costar 9018; Corning) at a concentration of 10 ng/ml in coating buffer (100 l per well) at 4°C overnight. After the plates were washed three times with washing buffer (KPL) and then blocked for 1 to 2 h, 50 l of serial two-or fourfold dilutions (from 1:4 to 1:16,400) prepared from the heat-treated plasma was added in triplicate wells and incubated for 1 to 2 h. The washed plates were incubated for 1 h at 37°C with peroxidase-labeled goat anti-monkey immunoglobulin G (KPL) diluted 1:3,000 in blocking buffer, and the colorimetric reaction was developed by using 100 l of 2,2Ј-azino-bis-3-ethylbenzthiazoline-6-sulfonate peroxidase substrate (ABTS; KPL) per well for 10 min at room temperature. After the reaction was stopped with 100 l of stopping buffer, the optical density at 405 nm (OD 405 ) was detected by using a Multiskan Ascent reader (Thermo). Plasma samples from eight healthy, uninfected monkeys were used in the control experiments to calculate the mean OD 405 (0.11), standard deviation (SD; 0.03), and interassay (9%) and intraassay (14%) coefficients of variation. The mean OD 405 plus 3.0 SD was employed to determine end point dilution titers of antibodies.
Measurement of monkeypox virus-neutralizing antibody. A standard plaque reduction neutralization assay was performed to measure neutralizing antibody levels. Briefly, 1,000 PFU/ml of monkeypox virus working solution was prepared from the virus stock by serial 10-fold dilutions in MEM on an ice bath. The plasma samples were inactivated complements at 56°C for 30 min and then diluted serially as described above. In the plaque reduction neutralization assay, 100 l MEM containing 100 PFU of monkeypox virus was mixed with an equal volume of the plasma dilutions and incubated at 37°C for 1 h. Each dilution of the virus-plasma mixture was added to three petri dishes containing 2 ϫ 10 5 Vero cell monolayers and then incubated at 37°C for 1 h in a 5% CO 2 atmosphere. The virus plasma supernatant was removed from the petri dishes and overlaid with MEM medium containing 2.5% heat-inactivated FBS and 1.2% carboxymethylcellulose (Sigma) and incubated for 4 to 6 days. The overlaid layer was removed, the dishes were stained with 0.5% crystal violet and washed thoroughly, and then the PFU in each dish were counted. The mean numbers of PFU from the triplicate dishes of each dilution were calculated, and end point titers of neutralizing antibody were determined as the highest dilutions of monkey plasma which reduced the virus plaque formation by 50% (ND 50 ).
ELISPOT detection of protective antigen H3L-specific IFN-␥-producing cells. PBMC isolated from the blood were used to measure cellular immune responses before and after vaccination or virus challenge as we previously described (17) . To detect the viral H3L peptide-specific gamma interferon-positive (IFN-␥ ϩ ) cells in the PBMC, an enzyme-linked immunospot assay (ELISPOT) plate (Millipore) was coated with 10 g/ml of purified mouse anti-human IFN-␥ antibody (B27; Pharmingen) at 100 l per well and incubated at 4°C overnight. The plate was washed three times with 0.25% Tween 20-phosphate-buffered saline (PBS) and blocked with 5% FBS-PBS at 37°C for 2 h. After the plate was seeded with 2 ϫ 10 5 /well of PBMC, 10 g/ml of a pool of 15-mer peptides overlapping by 12-mer, spanning the entire H3L protein (synthesized by GenScript), was added to stimulate the cells, and cells were incubated at 37°C in 5% CO 2 for 18 h. PBMC incubations with 10 g/ml of phytohemagglutinin (Sigma) and 10% FBS-RPMI 1640 were designated the positive and negative controls, respectively. The plate was washed nine times with Tween 20-PBS, and 200 l of doubledistilled H 2 O was added for cell lysis. Fifty microliters (2 g/ml) of biotinylated rabbit polyclonal anti-human IFN-␥ antibody (BioSource) was distributed into each well for a 2-h incubation. After the plate was washed thoroughly with Coulter wash buffer, 100 l/well of streptavidin (Southern Biotechnology) was added, and the plates were incubated for 2 h. The wells were washed five times with Coulter wash buffer and once with PBS, and 100 l/well of 1-Step NBT/ BCIP (Pierce) was added to develop visible spots at room temperature for 10 min. The spots on the dried plates were counted by using an automated ELIS-POT reader system (CTL Analyzers) with ImmunoSpot software. The mean number of spots from triplicate wells was adjusted to 1 ϫ 10 6 PBMC, and the ELISPOT data were expressed as the mean Ϯ SD. The H3L peptide-specific IFN-␥ responses were calculated by subtracting the number of spots formed in negative control medium wells from the number of spots formed in response to the H3L peptide pool used in the stimulation.
ICS for measuring H3L-specific IFN-␥ ؉ CD4 and CD8 T effector cells. PBMC (1 ϫ 10 6 ) were distributed to measure the viral H3L peptide-specific IFN-␥ ϩ CD4 and CD8 T effector cells using intracellular cytokine staining (ICS), as we previously described (17) . Anti-CD28 (clone CD28.2, 0.1 g; BD Pharmingen) and anti-CD49d (clone 9F10, 0.1 g; BD Pharmingen) were added to the PBMC suspension, which was then incubated with 10 g/ml of overlapping H3L peptides at 37°C in 5%CO 2 for 1 h. PBMC stimulated with 10% FBS-RPMI 1640 only and those with phorbol myristate acetate (200 ng/ml)/ionomycin (1 g/ml) served as negative and positive controls, respectively. The cells were incubated for 5 h with 1 l of GolgiPlug (BFA) at 37°C with shaking, washed once with 3 ml of 2% FBS-PBS, and stained with fluorescein isothiocyanate-conjugated CD3 (clone L200; BD Pharmingen), CD4 PB (clone OKT4; eBiosource), and CD8 PE-Cy5 (clone PRAT8; BD Pharmingen). After being washed twice with 3 ml of 2% FBS-PBS, 200 l of Cytofix/Cytoperm solution was added and the mixture was stored at 4°C in the dark for 45 min. The cells were stained with 1 l of IFN-␥ phycoerythrin (clone 4S,B3; BD Pharmingen), incubated at room temperature in the dark for 45 min, washed twice with Perm/Wash buffer, and fixed with 250 l of 2% formalin, and H3L-specific IFN-␥ ϩ CD4 and CD8 T effector cells were measured by flow cytometry.
Real-time quantitative PCR to detect monkeypox virus gene transcripts. Copies of the vaccinia or monkeypox virus A33R gene in PMBC were measured by real-time quantitative PCR at days 4, 7, 14, and 28 postvaccination and at days 4, 7, 14, 21, or 28 or at the time of early death after virus challenge. RNA from 1 ϫ 10 6 PBMC was extracted using the TRIzol-based isolation method, and cDNA was synthesized using a cDNA synthesis kit (Clontech). A specific pair of primers, 5-TGTTAAATACTTGTCTGGAG-3Ј and 5Ј-AGATCATTAATTGT TACCTT-3Ј, were used to amplify the viral A33R gene combined with the synthesized probe, 5Ј-(6-carboxyfluorescein)TCATGATGATTTGGTTGTA T-3Ј. The real-time PCR was performed using a PE Applied Biosystems 7700 single-reporter sequence detection system, and all amplifications were carried out with a MicroAmp optical 96-well reaction plate with an optical membrane cover (PE Applied Biosystems), as previously described (17, 29) . To minimize variation, RNA extraction, cDNA synthesis, and real-time quantitative PCR were performed using cell pellets collected and stored longitudinally at different time points from each monkey and run together in a plate for detection of copies of the A33R gene. All PCR data were analyzed using GeneAmp 7700 SDS software.
Determination of monkeypox virus titration in the tissues. At necropsy, fresh lungs, lymph nodes, and lesion-containing skin tissues were collected from each monkey to determine monkeypox virus titrations using a plaque-forming assay with Vero cells. The tissues stored at Ϫ80°C were thawed rapidly and homogenized 10 s for a total of 2 min on ice and then spun in a microcentrifuge at 10,000 ϫ g for 5 s to pellet cell debris. The supernatants were collected and serially diluted from 10 Ϫ1 to 10 Ϫ7 with serum-free MEM. A 0.1-ml sample of the dilution was mixed with 900 ml of MEM, added to the six-well plates in triplicate containing Vero cell monolayers, cultured at 37°C for 5 days, and stained for plaques with 0.5% crystal violet. The PFU in each dilution were counted, and the monkeypox virus titration was expressed as PFU per gram of tissue (PFU/g). Gross and histological pathology evaluation. At necropsy, each monkey was thoroughly evaluated in detail by a senior pathologist for gross pathology of organs and tissues. To quantitate the pathological changes, organs or tissues were carefully removed, measured, weighed, and imaged with a fluorescence ruler using a digital camera. Grayish-white monkeypox lesions and other macroscopic changes were counted, and their numbers and sizes were documented. Multiple tissue sections collected from up to three different locations of each organ were prepared through routine procedures. Routine microscopic analyses of tissue sections of organs were also carried out by the senior pathologist.
Statistical analysis. Mean geometric end-point titers (GMT) were employed to express antibody responses at different time points after vaccination or virus challenge in each of the three groups. Analysis of variance was used as previously described (28) to statistically analyze the data for differences among the three groups; a P value of Ͻ0.05 was the criterion for statistical significance.
RESULTS
Cidofovir؉Dryvax coadministration controlled Dryvax-mediated skin lesions and reduced vaccinia (Dryvax) viral loads in PBMC after vaccination. To examine whether cidofovir treatment could reduce Dryvax vaccination side effects, three groups of monkeys (six in each group) were vaccinated with saline, Dryvax alone, and cidofovirϩDryvax, respectively. All the animals vaccinated with Dryvax alone developed skin rashes at the vaccination site. The skin rashes occurred as red bumps on day 3 postvaccination and then progressed to swollen and large pus-filled blisters. The skin blisters reached maximal sizes, with a mean of about 120 mm 2 , on day 10 after vaccination ( Fig. 1a and b) . The pustular skin rashes persisted for 18 days prior to scabbing and then resolved with visible scars on the skin. In contrast, the monkeys vaccinated simultaneously with cidofovirϩDryvax developed no or very small skin rashes after the coadministration. The mean size of skin rashes as measured at any time point was Ͻ20 mm 2 , with a P value of Ͻ0.01 at each of the time points compared to those seen for the monkeys vaccinated with Dryvax alone (Fig. 1b) . In addition, minor skin rashes seen in the group vaccinated with cidofovirϩDryvax were less indurated and healed more rapidly (mean, 11.8 days) than those seen for the Dryvax-alone group (mean, 19.2 days; P Ͻ 0.01). These data demonstrated that cidofovirϩDryvax coadministration could significantly reduce the size and severity of Dryvax-induced skin rashes.
It was likely that cidofovir in the cidofovirϩDryvax regimen reduced productive vaccinia virus infection after vaccination and therefore controlled the vaccination side effects. We presumed that productive vaccinia (Dryvax) infection could transiently be detected in the blood of Dryvax-vaccinated monkeys after the vaccination but would be reduced in animals covaccinated with cidofovir and Dryvax. To test this possibility, the expression levels of viral A33R mRNA in the PMBC were measured using real-time quantitative PCR, and those from the Dryvax-alone and cidofovirϩDryvax groups were compared. Interestingly, viral A33R mRNA was detected at days 4 and 7 in PBMC from all monkeys vaccinated with Dryvax alone (Fig. 1c) . In contrast, three of six monkeys covaccinated with cidofovirϩDryvax had very low levels of viral mRNA in PBMC; the other three covaccinated monkeys exhibited undetectable viral mRNA (Fig. 1c, P Ͻ 0.05) . These results suggested that the cidofovir-mediated reduction in vaccinia viral FIG. 2. CidofovirϩDryvax coadministration resulted in marked decreases in Dryvax-elicited antibody and T-cell immune responses despite the fact that the reduced priming could be boosted as a recall response after monkeypox challenge. (a to c) Mean GMT levels of anti-B5R, anti-L1R antibodies (Ab), and neutralizing antibodies (GMT ND 50 ), respectively, before and after vaccination as well as after monkeypox virus challenge, as indicated. The virus-specific antibody titers in the cidofovirϩDryvax group were lower than those in the Dryvax-group but higher than those in the mock control group (ϫ, P Ͻ 0.05 for days 28, 35, and 55 when results for the cidofovirϩDryvax group are compared to those for the mock control group). Note that up to 2 log increases in mean GMT within 7 days after monkeypox virus challenge were seen for the cidofovirϩDryvax group, with a P value of Ͻ0.05 for anti-L1R and ND 50 antibodies on day 7 after challenge compared to the mock control group. loads might contribute to the control of Dryvax-mediated vaccination side effects. Cidofovir؉Dryvax coadministration resulted in a significant decrease in Dryvax-elicited antibody and T-cell immune responses despite the fact that the reduced priming could be boosted as a recall response after monkeypox challenge. We then sought to determine the extent to which the cidofovirϩ Dryvax coadministration, while reducing Dryvax vaccination side effects, could affect Dryvax-elicited antibody and T-cell immune responses. Dryvax-elicited immune responses of anti-B5R (a neutralizing antibody-reactive protein in the extracellular enveloped virion) and anti-L1R (a protein in the intracellular mature virion) antibodies were measured by enzyme-linked immunosorbent assays, and GMT of the three groups were compared. cidofovirϩDryvax coadministration clearly resulted in the reduction of Dryvax-elicited antibody responses compared to immunization with Dryvax alone (Fig.  2a to c) . Although five of six monkeys in the cidofovirϩDryvax group developed B5R-and L1R-specific antibody responses 1 or 2 weeks after the vaccination, the mean titers of the vaccineelicited antibodies were about one log lower than those of the Dryvax-alone group over time after the vaccination (Fig. 2a to  c) . Monkey 7322 did not develop any detectable vaccine-elicited immune responses, a finding consistent with nondetectable vaccinia mRNA in PBMC (Fig. 1c) . All the monkeys except animal 7322 in the cidofovirϩDryvax group were able to develop appreciable recall immune responses of anti-B5R, anti-L1R, and neutralizing antibodies after the monkeypox virus challenge. Within 7 days after the challenge, titers of anti-B5R, anti-L1R, and neutralizing antibodies rapidly increased to levels close to those seen for the Dryvax-alone group (Fig. 2a to c) . The mock control group exhibited a primary immune response of anti-L1R and neutralizing antibodies following virus challenge despite a rapid increase in anti-B5R antibody titers (Fig. 2a to c) . Importantly, our data showed a potential correlation between vaccine viral mRNA and vaccine-elicited neutralizing antibody levels after vaccination (before monkeypox challenge) for individual monkeys in the cidofovirϩDryvax or Dryvax-alone group (Table 1) .
Similarly, cidofovirϩDryvax coadministration resulted in decreased levels of Dryvax-elicited H3L-specific IFN-␥ ϩ cellular responses. ELISPOT data showed that the cidofovirϩDryvax group exhibited significantly lower numbers of H3L-specific IFN-␥ ؉ cells than the Dryvax-alone group after the vaccination (Fig. 2d) . Consistently, ICS data showed decreased numbers of H3L-specific IFN-␥ ϩ CD4 ϩ and CD8 ϩ T cells in the cidofovirϩDryvax group compared to those in the Dryvax-alone group (Fig. 2e and f) . Although all the monkeys except animal 7322 in the cidofovirϩDryvax group developed rapid recall immune responses of H3L-specific IFN-␥ ϩ T cells after the monkeypox virus challenge compared to the slow responses for the mock control, the magnitude of their recall responses was lower than that seen for the Dryvax-alone group (Fig. 2e and  f) . These results therefore demonstrated that cidofovirϩDry-vax coadministration significantly decreased Dryvax vaccineelicited antibody and T-cell immune responses despite the fact that the reduced priming could be boosted as recall responses after monkeypox challenge.
Cidofovir؉Dryvax coadministration significantly compromised Dryvax-induced anti-monkeypox immunity, although the cidofovir؉Dryvax group exhibited measurable protection against monkeypox compared to the naïve control. Finally, we sought to determine whether cidofovirϩDryvax coadministration impaired Dryvax-induced immunity against monkeypox. The following four aspects of vaccine-induced immunity against monkeypox were evaluated.
(i) Monkeypox skin lesion counts. While the mock control group developed typical smallpox-like skin rashes on day 4 (day 59 after Dryvax vaccination), rapidly spreading up to a mean of 1,000 lesions per animal on days 9 and 12 after the monkeypox virus challenge, the Dryvax-alone group showed no or only one or two small skin lesions after virus challenge (Fig. Table 2 ). Significant differences in skin lesion numbers between the cidofovirϩDryvax group (all six animals included) and the mock control group were found only on days 7 and 11 after the monkeypox virus challenge ( Fig. 3a ; Table 2 ). Of note, the cidofovirϩDryvax group (all six monkeys) exhibited a 1-or 2-day delay in the occurrence of skin lesions compared to the mock control. However, the cidofovirϩDryvax group exhibited significantly more skin lesions than the Dryvax group ( Fig. 3a ; Table 2 ).
(ii) Survival. Four monkeys in the mock control group developed severe clinical syndromes comprised of anorexia (Ͼ3 days), extremely low temperature (Ͻ94°F), shock, disseminated intravascular coagulation, or respiratory distress (an acute respiratory distress syndrome-like state) that led to moribundity on days 9, 11, or 14 ( Table 2 ; Fig. 3b) . In contrast, all the animals in the Dryvax-alone group survived the monkeypox virus infection without any notable clinical signs during the 28-day follow-up (Fig. 4b) . Five of six cidofovirϩDryvax-vaccinated monkeys survived up to the lethal monkeypox virus challenge; the single animal (7322) which did not have any detectable Dryvaxelicited immune responses after cidofovirϩDryvax coadministration developed the severe syndrome and became moribund (Table 2). The cidofovirϩDryvax group (all six monkeys) showed significantly longer survival times (Fig. 3b , P Ͻ 0.03), but not a significantly higher survival rate, than the mock control group during the 28-day follow-up.
(iii) Gross pathology and histology. The thorough and systemic examination/dissection of viscera and carcasses at necropsy showed that four monkeys from the mock control group that underwent early necropsies (early necropsied monkeys) exhibited full-blown severe pathology characterized by widespread monkeypox lesions on the skin and oral mucosa, remarkable lymphadenopathy and splenomegaly, and lung congestion/edema with grayish-white macroscopic lesions ( Fig. 4a ; Table 3 ). Even the two monkeys in the mock group that survived the monkeypox virus challenge during a 28-day follow-up still had evident lymphadenopathy/splenomegaly and lung congestion/edema at necropsies done on day 28 after the monkeypox virus challenge (Fig. 4a) . In contrast, all monkeys in the Dryvax-alone group showed "normal" tissues/organs. Of note, five animals in the cidofovirϩDryvax group showed no or a few small grayish-white lesions in the lungs with mild or moderate lymphadenopathy and splenomegaly (Fig. 4a) ; the other monkey, 7322, which did not develop Dryvax-elicited immune responses, displayed apparent monkeypox pathology. Statistical analyses of both the numbers of grayish-white lung lesions and the weights of livers, kidneys and spleens indicated that the cidofovirϩDryvax group (all six monkeys) had less severe monkeypox pathology than the mock control group (Table 3 , P Ͻ 0.05, respectively). However, the cidofovirϩDryvax group exhibited significantly worse pathology than the Dryvax group (Table 3) . Overall, histology results were consistent with the gross pathology seen at necropsy (Fig. 4b) .
(iv) Viral loads (infection levels). High expression levels of viral A33R genes in PBMC were seen for all the monkeys in the mock control group (Table 3) . Low or moderate levels of A33R expression were seen for all the monkeys in the cidofovirϩDryvax-vaccinated group except for the high viral load of animal 7322, which did not develop a Dryvax-elicited immune response after vaccination ( Table 3 ). The cidofovirϩDryvax group (all six monkeys) had significantly lower mean viral copies of A33R than the mock control group only at day 11 (P Ͻ 0.05, Table 3 ). Consistently, quantitation of live monkeypox virus isolated from fresh tissues at the time monkeys became moribund or on day 28 showed that the cidofovirϩDryvax group had lower geometrical mean levels (2 to 3 log) of live monkeypox virus in fresh lung, skin, and lymph node tissues than the mock control group but higher levels than the Dryvaxalone group (Table 3) , as no virus was isolated from samples from the Dryvax group.
Thus, Dryvax alone conferred full protection against the lethal monkeypox virus challenge, whereas cidofovirϩDryvax coadministration significantly compromised the Dryvax-induced immunity, although the cidofovirϩDryvax group exhibited measurable protection against monkeypox compared to that of the naïve control. FIG. 3 . The cidofovirϩDryvax vaccination regimen impaired Dryvax-induced immunity to monkeypox and conferred poor, although measurable, protection against monkeypox. (a) All the monkeys vaccinated with Dryvax alone showed no or a few small skin lesions after virus challenge. It seemed that the cidofovirϩDryvax-vaccinated group developed fewer skin lesions than did mock control animals on days 7, 11, and 21 after monkeypox virus challenge ( * , P Ͻ 0.05), but this group did not have significantly fewer lesions than the mock control group at other time points. (b) All the monkeys vaccinated with Dryvax alone survived the lethal monkeypox virus challenge. There was no significant difference in survival rate between the cidofovirϩDryvax group and the mock control group (P Ͼ 0.05), although the cidofovirϩ Dryvax-vaccinated group had a longer mean survival time than the mock control group during the 28-day follow-up after the monkeypox virus challenge (P Ͻ 0.032). a CS, clinical signs, including depression, weakness, cough, unresponsiveness, dyspnea, dehydration, and anorexia. ϩ, mild; ϩϩ, moderate; ϩϩϩ, marked; ϩϩϩϩ, severe. b This monkey developed disseminated intravascular coagulation, which might lead to the absence of full-blown skin lesions after challenge. c P values for mean lesion counts from the Dryvax-alone group were compared with those from the cidofovirϩDryvax group. d P values for mean lesion counts from the cidofovirϩDryvax group were compared with those from the mock control group.
DISCUSSION
Our data clearly indicate that the single-dose vaccination regimen comprised of cidofovirϩDryvax is very effective for reducing or eliminating Dryvax-mediated skin lesions at the vaccination site. However, our studies also indicate that cidofovirϩDryvax coadministration significantly decreases Dryvax-elicited antibody and T-cell responses and impairs Dryvax-induced immunity against monkeypox. The potential nephrotoxicity of cidofovir (18, 22) is another concern with the cidofovirϩDryvax vaccination approach. Thus, the single-dose cidofovirϩDryvax coadministration does not appear to be a useful vaccination strategy against smallpox. This seems to be in contrast to what has been described for the vaccination approach using the highly attenuated modified vaccinia virus Ankara, which has been reported as safe and effective against monkeypox in nonhuman primates (8, 32) and may potentially serve as a smallpox vaccine (7, 37) .
The reduction of Dryvax-mediated skin lesions by cidofovirϩDryvax coadministration corresponds with impairment of Dryvax-elicited antibody and T-cell immune responses. The monkeys vaccinated with cidofovirϩDryvax developed weak Dryvax-elicited antibody and T-cell responses compared to those vaccinated with Dryvax alone. The attenuating effects on both skin lesions and Dryvax-elicited immune responses in the cidofovirϩDryvax coadministration setting are likely attributed to the cidofovir-mediated anti-vaccinia virus activities. As a nucleotide analog, cidofovir can inhibit vaccinia virus replication and spread after Dryvax vaccination and therefore reduce or contain virus-associated inflammation at the vaccination site. On the other hand, cidofovir-mediated antiviral effects can reduce viral antigen exposure to the immune system for immune priming after Dryvax vaccination. In fact, our studies of vaccinia virus mRNA expression in PBMC after vaccination suggest that cidofovir in the cidofovirϩDryvax regimen appears to reduce the productive infection of vaccinia virus after vaccination and then contribute to control Dryvax vaccination side effects. The findings also suggested that transiently productive vaccinia virus infection after Dryvax vaccination appears to contribute to its sterilizing anti-monkeypox immunity.
CidofovirϩDryvax coadministration does not appear to affect the ability of Dryvax-elicited B (antibody) and T effector cells to mount rapid recall responses after monkeypox virus challenge. Despite cidofovir's effect on priming, Dryvax-elicited B and T effector cells in the monkeys vaccinated with cidofovirϩDryvax can mount faster and greater recall responses after monkeypox virus challenge than from the initial Dryvax priming. These recall immune responses are similar in pattern to the typical memory responses seen for the monkeys vaccinated with Dryvax alone. It is likely that cidofovirϩDry-vax coadministration is still able to prime enough numbers of B and T cells that these effector cells can expand rapidly in response to monkeypox virus infection. The rapid recall immune responses of the decreased Dryvax-elicited immune cells appear to be the immune elements conferring some extent of protection against the fatal monkeypox syndrome.
The single-dose cidofovirϩDryvax vaccination regimen leads to a significant reduction in protection against monkeypox compared to the full immunity induced by vaccination with Dryvax alone. Difference in anti-monkeypox immunity between these two groups may be explained by the lower prechallenge levels of Dryvax-elicited antibodies and T effector cells in the whole cidofovirϩDryvax group. It is worth mentioning that the cidofovirϩDryvax group was evaluated for vaccine efficacy using the data from the whole group of six monkeys, in which one animal (7322) actually did not develop any detectable Dryvax-elicited immune responses after vaccination. Neither vaccinia virus mRNA in the PMBC nor a notable skin rash was detected after the cidofovirϩDryvax vaccination for monkey 7322, and we speculate that a vaccine failure (a nontake) occurred in this monkey, likely caused by cidofovir's "overkill" of vaccinia virus infection after Dryvax vaccination. This also implies a potential drawback for cidofovirϩDryvax coadministration, because one could speculate further that cases of vaccine failure (nontakes) like that with monkey 7322 may be proportionally increased when more outbred monkeys or humans are recruited for evaluation of the cidofovirϩDryvax vaccination approach. It is worthy of mention that with or without this single monkey included in the evaluation, similar conclusions are reached between the cidofovirϩ Dryvax and Dryvax-alone groups or between the cidofovirϩDry-vax and unvaccinated groups. On the other hand, it is also worth noting that our proof-of-concept studies of vaccine efficacy were undertaken by intravenous challenge of vaccinated monkeys with extremely large doses of poxviruses (5 ϫ 10 7 PFU). Given the possibility that natural smallpox or monkeypox infection is generally introduced by aerosol with a limited amount of virus, vaccine-elicited antibodies and T effector cells after cidofovirϩDryvax coadministration may confer substantial protection against the respiratory invasion by the monkeypox virus.
Since the newly FDA-licensed smallpox vaccine, ACAM2000 (12) , is derived from Dryvax, this clonal vaccinia virus grown in cell culture may retain some of the Dryvax-mediated vaccine side effects. Because the vaccinia-derived vaccine can confer immunity, efforts are continuously being made to reduce vaccination toxicity but maintain vaccine efficacy (38) . In fact, topical administration of povidone iodine in the Dryvax vaccination site can effectively block virus shedding after traditional smallpox vaccination and reduce the risks of autoinoculation or contact spread, although its ability to decrease Dryvaxmediated skin lesions remains to be characterized (13) . Better some alveoli were filled with edema fluid, macrophages, degenerative neutrophils, and necrotic cellular debris, whereas hyperplastic fibroblasts and fibrous proliferation were seen in thickened alveolar walls. The monkey in the Dryvax-alone group exhibited "normal" histology in the lungs and skin. Monkey 7320 in the cidofovirϩDryvax group had less severe histopathology, as mild fibrous proliferation and thickening were seen only in a few alveoli in the lungs, and less-severe residual lesions in the skin were seen on day 28 after challenge. The representative data shown from gross pathology and histology seem to suggest that the pathology in animals from the cidofovirϩDryvax group looks similar to that found in survivors of the mock group, while net differences in pathology are visible in comparison to the Dryvax-only animals. HE, hematoxylin and eosin. c approaches in combining a novel antiviral agent and Dryvax or Dryvax-derived ACAM2000 may reduce vaccinia virus-induced side effects after vaccination but still confer nearly full protection against monkeypox/smallpox.
